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Abstract

A sensitivity analysis is presented of the remote detection NMR technique, which facilitates the spatial separation of encoding and
detection of spin magnetization. Three different cases are considered: remote detection of a transient signal that must be encoded point-
by-point like a free induction decay, remote detection of an experiment where the transient dimension is reduced to one data point like
phase encoding in an imaging experiment, and time-of-flight (TOF) flow visualization. For all cases, the sensitivity enhancement is pro-
portional to the relative sensitivity between the remote detector and the circuit that is used for encoding. It is shown for the case of an
encoded transient signal that the sensitivity does not scale unfavorably with the number of encoded points compared to direct detection.
Remote enhancement scales as the square root of the ratio of corresponding relaxation times in the two detection environments. Thus,
remote detection especially increases the sensitivity of imaging experiments of porous materials with large susceptibility gradients, which
cause a rapid dephasing of transverse spin magnetization. Finally, TOF remote detection, in which the detection volume is smaller than
the encoded fluid volume, allows partial images corresponding to different time intervals between encoding and detection to be recorded.
These partial images, which contain information about the fluid displacement, can be recorded, in an ideal case, with the same sensitivity

as the full image detected in a single step with a larger coil.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

NMR remote detection, a novel technique to spatially
and temporally separate encoding and detection of nuclear
spin magnetization, has the potential to enhance the sensi-
tivity of NMR spectroscopy and imaging experiments. It
employs a flowing sensor medium that samples a stationary
analyte of interest, which can be a liquid, a surface, a por-
ous medium, or void space [1,2]. In these experiments the
sensor medium, thus far hyperpolarized '**Xe [3], is first
introduced to a sample of interest, is encoded with infor-
mation regarding that sample, and is then transferred to
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a different location for sensitive detection. This separation
of the encoding and detection steps allows optimizing them
independently. The encoding region may be configured in
the most convenient way to accommodate the sample,
while different conditions optimized for sensitivity are used
in the detection region. This article aims to provide a more
quantitative discussion of the sensitivity achievable with
this technique.

The longitudinal magnetization of the sensor medium is
the property that is altered by the encoding step. An arbi-
trary pulse sequence can be used that is able to transfer the
desired information about the stationary analyte onto lon-
gitudinal magnetization of the sensor medium. This infor-
mation can be the chemical shift of the sensor medium in
contact with the sample [1]. An experiment to encode a het-
eronuclear spectrum from the stationary analyte to the mo-
bile sensor using long-range intermolecular dipole-dipole
interactions was suggested as well [4]. Void-space imaging
experiments have been performed with phase-encoding
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[2,5] as well as projection reconstruction [1]. In experiments
that involve a transient evolution of transverse magnetiza-
tion during encoding, one phase component after each evo-
lution time 7] is stored with a 90° pulse as longitudinal
magnetization, M., and at the same time any remaining
M. is transferred into the xy plane. Stored as polarization,
the magnetization follows the external field adiabatically
and is protected against dephasing due to field inhomoge-
neities [6], thus the sensor can flow through field gradients
to the detector in a remote location without losing its infor-
mation. This travel step is only restricted by the longitudi-
nal relaxation of the sensor medium. The travel time, 4y,
has to be on the timescale of its longitudinal relaxation
time 7 or shorter, so at least part of the encoded magne-
tization survives. At the same time any coherent magneti-
zation dephases, because the sensor usually experiences
considerable field gradients while traveling between encod-
ing and detection environments. Therefore this traveling
step acts like a z filter. When the encoded sensor medium
reaches the detector, its longitudinal magnetization is read
out. In other words, the indirect dimension of the resulting
data set provides the information about the encoding envi-
ronment. Therefore, remote detection NMR is inherently a
point-by-point technique.

Remote detection enables experiments at low magnetic
fields without suffering the consequence of low sensitivity.
This is relevant for the study of samples containing suscep-
tibility gradients or electrically conducting components
such as human subjects with metallic implants. These sus-
ceptibility gradients scale linearly with the applied magnet-
ic field. Another example of a constraint imposed on the
encoding environment is the size of the sample of study.
Although a large coil may be needed to encode signal in
a large object, a smaller coil can be used to detect extracted
concentrated sensor [7].

A different experimental approach with remote detec-
tion is to record the arrival of the sensor medium in the
detector transiently as a function of the encoded informa-
tion in a time-of-flight (TOF) experiment [5,7]. While the
optimum signal energy is obtained if all of the encoded sen-
sor medium is collected and read out at once, this TOF
detection provides additional information, as it allows
one to correlate the TOF with the encoded information,
for example by mapping the flow field of the fluid as it
flows through the stationary analyte. If an inductive detec-
tor is used, such a flow profile can be measured by applying
a train of 90° pulses in the remote coil and recording the
amplitude of the FID after each pulse. This technique com-
plements currently used flow imaging experiments, which
measure local velocity vectors and not the global flow field
(8,9].

Not only can the signal be measured by inductive detec-
tion, but any technique can be used that is capable of sen-
sitively measuring the magnetization or the polarization of
the sensor medium. For example, DC magnetometers such
as superconducting quantum interference devices
(SQUIDs) [10] or optical magnetometers [11] may be pre-

ferred at low fields. Alternatively, spin-exchange optical
detection could serve as a technique that is specific to mea-
sure the polarization of noble gas sensor media. This tech-
nique is based on the transfer of spin-polarization from the
noble gas to Rb electron spins [12]. In addition to using
inductive detection with pulsed rf irradiation, it is also pos-
sible to use continuous-wave (cw) techniques. Since at least
with hyperpolarized '**Xe only one line with known posi-
tion must be detected, this approach would not have the
sensitivity disadvantage of a conventional cw experiment
[13].

2. Theory

While in previous publications the detector was con-
sidered the main sensitivity determining parameter, the
involved dephasing times influence the sensitivity as well.
In general, the sensitivity of NMR remote detection can
be analyzed with the same approach as a conventional
two-dimensional (2D) NMR experiment [13,14], with
the remote detection dimension corresponding to the
direct dimension of the conventional experiment. This
sensitivity discussion can be split into a detector-inde-
pendent part that includes the timing of the experiment
and the relevant dephasing and relaxation times, and a
detector dependent part that discusses the ability of the
different detectors to measure the polarization or the
magnetic moment of the sensor spins. Note that sensitiv-
ity is not simply the signal-to-noise ratio (SNR), y, rath-
er, it is the SNR per square root time, ¥ = //v/Tior
where Ty, is the total duration of the experiment. This
is the quantity that will be compared in the following
discussion.

2.1. Remote detection of a transient signal

A possible pulse sequence for a spectroscopy experiment
with remote detection is shown in Fig. 1. With direct detec-
tion, the complex signal induced in the encoding coil by the
FID of a single resonance can be described as

S(Id) = Se(td) CXp(iQtd) (1)

with the envelope function, s°(#4), and the offset preces-
sional frequency, Q. In the following calculations, it is as-
sumed that s° represents an exponential decay with time
constant T95. The signal is sampled by M sampling points
from time 0 to £7**, spaced by the dwell time Az. Assum-
ing white random noise limited by an analog filter with a
bandwidth

1 M
Af =—=— 2
/ At )

that cuts off frequencies above the Nyquist frequency of the
sampling process, the r.m.s. noise amplitude is

| M
04 =VAfpg = tmﬁﬂda (3)
d
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Fig. 1. Sensitivity comparison between direct (A) and remote detection (B). With direct detection, a complex FID is recorded transiently with M data
points, which are marked with X’ symbols in the first FID. Remotely, 2M encoding steps are necessary to obtain the same data set, which allows one to
perform 2 M signal averaging steps in the direct dimension in the same time. The encoding and detection steps in the remote experiment are intermingled,
therefore only a time overhead corresponding to one travel time occurs. The stored magnetization of the mith encoding step corresponds to the mith data
point with direct detection and marks the magnetization at the beginning of the remote detection. The sensitivity is proportional to the total area under all

the FIDs in both cases.

where pg is the square root of the frequency-independent
power spectral density and £}** is the total evolution
time. Because M data points are recorded during the repe-
tition time 74, we can say that the time it takes to acquire
one data point is #;' = t4/M. Thus, with direct detection
of a transient signal we get a sensitivity for one data point
of

[ slte) | s(ta) fg ()
od\/taq pd Td'

where £7** /14 represents the duty cycle of this experiment.
To determine the sensitivity of one point of a remotely
detected FID, the signal is described by

. . t
s(f],65) = s°(t}) [cos(Q¢}) + jsin(Qf])] exp <1Q2t§ - T2r>’
p

()
where we assume that the travel time #.,, of the sensor
medium is much shorter than its 74. This signal oscillates
at ©, and decays with a time constant 7% during remote
detection. £, denotes the evolution time parameter in the re-
mote detection dimension, #] is the evolution time in the
encoding dimension, and Q represents the precessional fre-
quency in the encoding environment. The imaginary units i
and j are independent, equivalent to a hypercomplex
encoding scheme [13]. The information encoded pointwise
along #] corresponds to the signal described by Eq. (1).
Since only one phase component of the transverse magne-
tization can be stored at the end of each encoding period,
the phase of the signal is lost between encoding and detec-
tion. Two encoding steps are necessary to map out one
point of a complex FID, e.g., by applying the storage pulse
along —y and x in two subsequent encoding steps to encode
M, (#}) and M, (f}), respectively.

To optimize the sensitivity of a spectrum, the time-do-
main signal may be multiplied with a weighting function

h(t). Because the remotely detected signal provides merely
an amplitude value for each encoding step, it is reasonable
to use a matched weighting function, 4,,(#;) = exp(—#,/T5),
to maximize the sensitivity. The application of a matched
filter results in a time constant 75 /2 of the signal. This filter
will only be applied in the #; dimension of the remote exper-
iment for this treatment. Since it is not applied in the £
dimension, the dimension analogous to the 74 dimension
we are comparing it to, we do not need to apply a filter
to the directly detected signal of Eq. (1) for a fair compar-
ison. Each complex data point in the ¢] dimension is
recorded with a sensitivity

S(7)
ONV t?q matched

_ |s(#0)] [t;nax] 1 /:‘:‘“* {exp (_ ﬁ)]zdt
Pr ?q t?qax 0 T;

() T o umw
= \/2<2rr+tm/M> tree(m ) ©

where S(#}) is the peak height o the r.m.s. noise amplitude
in the frequency domain of the remote dimension, 24 is the
time to acquire one data point, and 7, is the repetition time
of the experiment with remote detection. If encoding and
detection are intermingled, the time for the fluid to flow
from the encoding location to the detector, #,,, contrib-
utes only once to the total experiment time, and
£29 =27, + tyay/M. For a typical number of data points
M on the order of at least 100, we can neglect this addition-
al contribution to the total experiment time, as i/
M < 1. In Egs. (4) and (6), the influence of longitudinal
relaxation in the encoding environment and between the
encoding and detection step in the case of remote detection
was not considered. A factor g is introduced in the follow-
ing equations to account for this effect, which is discussed

W, =
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later. The relative sensitivity between remote and direct
detection can now be written as

P, Ao [[T3 /21-,} [ ( 2tm“)]
Ll 1—exp (-], 7
|:qld:| trans \/i {trdndx/rd p T; ( )

where ‘d’ and ‘r’ denote the corresponding parameters of
the direct and the remote experiment, respectively. A repre-
sents the relative SNR between remote detector and encod-
ing circuit as obtained with an identical sample and equal
experimental parameters. The factor 1/v/2 is a result of
the fact that two cycles are required to obtain the complex
signal with remote detection. The relaxation term is ideally
o = 1 if the longitudinal relaxation of the sensor fluid can
be neglected, but it can be significantly lower for fluids
relaxing fast on the time scale of an encode—detect cycle.
Eq. (7) is not dependent on M; the sensitivity ratio of re-
mote-to-direct detection is independent of the number of
points in the spectrum even though adding more points
increases the experimental time.

Remote detection can be considered to be an experiment
in which the signal averaging is done in the direct dimen-
sion with a certain time constant, which is 77 /2 in this case.
The interferogram is collected in the indirect dimension. In
contrast, in an experiment with direct detection the inter-
ferogram is recorded transiently, and signal averaging to
improve the SNR is done in an indirect dimension. Each
trace has the same signal amplitude, and therefore the time
constant, in analogy to that with remote detection, is infi-
nitely long.

Depending on the value of T3, Eq. (7) can be simplified.
Assuming that ¢ =1 and 74 = 7., we get

Y, A [T

7 = — if ("> T3, 8
|:Td:| trans \/z Ztgldx ? ( )
v, AL

— ~— M 9
|:'I’d:| trans \/i ! ? ( )

The first approximation is realistic in continuous flow
experiments. Immediately after each detection pulse, the
fluid starts to flow out of the detection volume, thus short-
ening 7. The second approximation may be reasonable in
stopped-flow mode in a well-shimmed detection environ-
ment. This is the ideal case where the sensitivity ratio de-
pends, except for the factor /2, only on A.

2.2. Remote detection of a point-by-point experiment

The situation is different in an experiment where the
transient dimension of the direct detection experiment itself
measures only the amplitude and the phase as opposed to
the time evolution of the signal, and the data set is recorded
point-by-point. This is the case for example in an MRI
experiment with phase encoding in all three dimensions.
Here, the same number of encoding steps is necessary with
direct and with remote detection, thus the sensitivity of the
two modalities can be compared in a straightforward man-

ner by determining the 1D sensitivity in both environ-
ments. Using the same formalism as for Eq. (7), this yields

txrnax 1 T

tm’dx tr 2 "
1 o |[E]2 A be( )
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max
i
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For the approximation it was assumed that ¢ =1, 74 = 1,,
and /™™ > T5 % > 79 A comparison between Egs. (7)
and (10) shows that the potential signal advantage of re-
mote detection in this second case is considerably larger
than for transient experiments because the bandwidth of
the direct experiment is determined by the signal decay time
and not by the signal averaging. This is particularly impor-
tant for samples with large susceptibility gradients, which
cause fast dephasing of the directly detected transverse
magnetization.

In the above calculations, it was assumed that all of the
sensor medium gets fully regenerated between different rep-
etitions of the experiment, which is reasonable because it is
not a T decay that determines this ‘“‘relaxation,” but a flow
that forces the encoded sensor to move ahead. We have
also neglected to account for the possibility that the sensor
medium is dispersed between encoding and detection and is
thereby diluted with unencoded fluid. This would require
either a detector with a bigger active volume to assure that
all the encoded fluid can be read out in one experiment, or
multiple detection steps to catch all the encoded gas. In the
case of a spectroscopy experiment without spatial depen-
dence of the encoded information, it is not necessary to
gather all the encoded fluid. However, the signal would
be scaled proportionately to the amount of encoded fluid
in the detector. If encoding steps are close enough to each
other that a significant fraction of fluid gets encoded more
than once, artifacts similar to those experienced with short
repetition times in conventional 2D spectra can be expected
[15]. If spatial information is encoded, it is required that the
entire encoded sensor medium is detected. If it is diluted,
the sensitivity is reduced, but the image can still be recon-
structed accurately. However, if some of the encoded fluid
remains undetected, the image will be weighted unevenly

(2]
2.3. Influence of longitudinal relaxation during fluid flow

When the sensor medium flows from the encoding envi-
ronment to the detector, it experiences two different envi-
ronments, first the stationary sample in the encoding
volume where its longitudinal relaxation time is 79, and
then the tubing that connects the encoding and the detec-
tion volume where its longitudinal relaxation time is 77.
In this latter environment, the relaxation of fluid simply
causes the remote sensitivity to be multiplied by a factor
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exp(—1,/T}), where 7, is the time it takes the fluid from the
outlet of the stationary analyte to reach the detector. This
is close to unity for '?’Xe, but can be considerably smaller
for a different sensor medium, especially for long distances
between the encoding volume and the detector.

The longitudinal relaxation of the sensor medium inside
the encoding environment has to be discussed separately
for hyperpolarized media like '**Xe and Boltzmann polar-
ized spins. In the case of a hyperpolarized medium, we as-
sume for simplicity that its equilibrium polarization is
orders of magnitude lower and not detectable, therefore
no background signal remains after complete relaxation to-
wards equilibrium. The history of the polarized medium
until it reaches the inlet of the stationary sample is not rel-
evant, and we can consider the polarization at this inlet as
the initial polarization of our experiment. In the case of di-
rect detection, the signal then decays with 7 until the actu-
al experiment takes place. Therefore, the signal at the inlet
is stronger than the signal at the outlet. In case of an MRI
experiment, the resulting image has to be weighted accord-
ingly [16], and the SNR is spatially dependent. In a remote
experiment, assuming the simple case of uniform flow dis-
tances through the stationary sample and low dispersion,
all of the fluid remains inside the stationary sample approx-
imately for constant time 7; and relaxes uniformly towards
a value corresponding to the lowest value in the experiment
with direct detection, as for hyperpolarized fluids it does
not matter whether relaxation happened prior or after
the encoding step. Therefore, with remote detection no cor-
rection of the image for inhomogeneous initial spin polar-
ization due to relaxation is necessary, but the relative
sensitivity between remote and direct detection becomes
spatially dependent. The result of Eq. (10) has to be scaled
by a factor

o) = exp (1022, (1)

where #,;(r) is the time it takes for the fluid to flow from
location r inside the stationary sample the outlet. In the
case of a spectroscopy experiment, the signal has to be
averaged over the whole encoded volume for the direct
experiment, while again for the remote experiment the
polarization can be considered uniform. One obtains the
scaling factor

— ex “) / " ex f) g,

Qnmr - p Tﬁ T 0 P Tllj 1

T‘l1 Ti To
-2(1-ew(-5)) e (-7) 12

for experiments without spatial selectivity and if a cylindri-
cal sample is assumed with a uniform fluid flow velocity,
whereby it is not necessary to perform an integration over
the whole encoding volume.

With Boltzmann polarized fluids, the situation is re-
versed. An experiment with direct detection has a uni-
form spin polarization across the whole sample, while

with remote detection the signal relaxes back to its equi-
librium value between the encoding step, at which point
the magnetization is uniform across the sample, and the
detection step. The signal from inside the stationary sam-
ple is inhomogeneously weighted with exp(—#(r)/T9).
Therefore, the same Q,,;; as with hyperpolarized fluids is
obtained. But this time, an image obtained with remote
detection has to be corrected for inhomogeneous weight-
ing of the signal due to relaxation. As long as dispersion
in the tubing connecting the outlet of the sample with the
detection volume is low, this correction is straightforward
in a TOF experiment, where it is known how long the flu-
id remained inside the sample. If encoding is done with-
out spatial selectivity, again the same integration as in
Eq. (12) must be performed, and also in this case Quu,
is identical for hyperpolarized and equilibrium polarized
media.

2.4. Time-of-flight versus single-step detection

While the optimum sensitivity with remote detection is
obtained if the volume of the void space inside the analyte,
V,, and the detection volume, Vg4, are matched, a TOF
experiment requires sacrificing some of the sensitivity by
reducing V4 and applying multiple detection steps after
each encoding step. This provides an encoded data set for
each sampled time between encoding and detection. If,
for example, an image is encoded, the fluid from different
locations reaches the detector at different times — the far-
ther it was encoded from the detector, the later it usually
arrives there. A partial image is obtained for each TOF,
corresponding to the fluid a certain time away from reach-
ing the detector. Comparing images at different TOF al-
lows one to follow the fluid as it crosses the sample. To
avoid artifacts and to maintain good sensitivity in a TOF
experiment, the time between subsequent detection pulses
should correspond to the time it takes the fluid to flow
through the detection volume. Let us assume that with
TOF detection, 7, is split into #n detection steps, as shown
in Fig. 2A. The acquisition time for each detection step
shall be ™ = (t, — #})/n =~ 1,/n. The index ¢ denotes the
respective parameters with TOF detection. The approxima-
tion assumes ] < 7. If 75 > ™, the signal decay time
with stroboscopic detection, 7%, is effectively determined
by the time of the outflow of the fluid from the detection
volume. Setting 7% to half of the time it takes the fluid to
flow through the detection volume,

t
=5 (13)
is a reasonable estimate. This allows one to calculate the
relative sensitivity between one acquisition in a TOF exper-
iment and single-step remote detection, where all the
encoded fluid is detected in a single event, by using Eq.
(6) with the respective parameters for the two experiments.
The total time for each repetition is 7, in both cases, there-
fore the relative duty cycle is 7%/T5, and one obtains
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Fig. 2. Remote detection experiment with single-step and with TOF detection. (A) Timing of the experiments. The encoding sequence is independent of
the detection method (upper). Single-step detection uses a single pulse, timed such that all of the encoded fluid is in the detection volume (middle). With
TOF detection, a train of n pulses is used to stroboscopically resolve the TOF of the sensor fluid from the encoding location to the detector (lower). (B)
Illustration of the signal in a single-step and a partial 1D image. (upper) With single-step detection or if all the partial images with TOF detection are
added, the full image is obtained. The gray areas correspond to partial images if there were no dispersion at all. (middle) The part of the image acquired at
a particular TOF has the same amplitude as the corresponding slice of the full image if the spatial dispersion width is lower than the resolution of the
image, Az. (lower) If the dispersion width is larger than Az, the signal at each location gets spread across multiple TOF values, and each amplitude is

significantly reduced. 4 in Eq. (14) must be scaled accordingly.

P, Ty 2pmax\ 17!
L= |22 1= it
e[ -eo (28]

N2 = A (14)

where / is the relative sensitivity between the detectors with
the small and the big detection volume. For the approxima-
tion, " > T was assumed, and for the TOF experiment,
1 —exp(—2£"*/T%) ~ 1 was used. Eq. (14) gives an upper
limit estimate of the sensitivity ratio of a partial to a sin-
gle-step image. If spatial encoding is done in the flow direc-
tion of the sensor medium and the dispersion of the fluid
between encoding location and detector is low, it is possible
that the sinusoidal pattern of the longitudinal magnetiza-
tion after the storage pulse is preserved during the flow.
Partial images can then have almost the full local ampli-
tude, and their sensitivity is given by Eq. (14). If the spatial
dispersion of the fluid is larger than the image resolution,
the signal of partial images is reduced, and ¥/¥, is scaled
proportionally. This is illustrated in Fig. 2B.

To get the full image with TOF detection, all n partial
images must be added up, which causes the noise to scale
with /. This degrades the sensitivity, ¥/, of the full im-
age accordingly, and

Pl g
v, T\ 21y

Therefore, if the coil-size dependence of A is disregarded,
the sensitivity to obtain the full image with TOF detection
scales with 1/n compared to single-step detection.

(15)

2.5. Influence of the coil size

The above discussion does not take into account that a
smaller detector can be made more sensitive than a large

one. Detailed discussions can be found in the literature
[17,18]. To give only a rough estimate for A and also A if
an inductive detector is used, we can use the SNR equation

Qawy Kmy Qg
= KnMoV e, | — 2o )
Vier = KnMoVe\ [ 57005= 57\ 7 7ar

where K is a numerical factor which depends on coil geom-
etry, the noise figure of the preamplifier, and also takes into
account various physical constants. My is the nuclear mag-
netization, V. is the volume of the coil, 7 =~ V4/2V, is the
filling factor of the sample in the detection coil, Q is the
quality factor and w, is the resonance frequency of the rf
circuit, 7" is the temperature of the probe, and Af is the
detection bandwidth [17,19]. Af'in a pulsed NMR experi-
ment is inversely proportional to 7, and has already been
included in Egs. (7) and (10). mg = M,V is the net magnet-
ic moment of the spins inside the coil volume, which is
transported without loss from the encoding to the detection
location in an ideal remote experiment. 4 can be estimated
if we note that the only factors that change by scaling the
coil are Q and V.. In the ideal case, the small volume is con-
tained n times in the big volume, V\/V. = 1/n, therefore

Qt/VVt Qt
A= c = [nZt
Vo./m— "o

where Q is typically lower for smaller coils [18], but as a
very rough upper limit estimate, one gets back a factor of
\/n in sensitivity by using a smaller coil in the TOF exper-
iments. Therefore, partial images can be obtained with a
minimum loss in sensitivity compared to a full image using
a detector with a matched volume. If the spatial resolution
in the flow direction is coarse enough that images of adja-
cent TOF values cover a distinct fraction of the sample vol-
ume, ¥,/¥, may even be independent of n.

(16)

(17)
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To experimentally determine the relative sensitivity be-
tween two coils, the principle of reciprocity, which states
that the SNR is proportional to the B; field of a coil in-
duced by a unit current at the sample location, can be very
helpful. Since the duration of a 90° pulse, 79, is inversely
proportional to B;, one can simply use

A=t [KQoi/el (18)
1o KqQq00f [TaV¢

It was assumed that m does not change between encoding
and detection. The SNR in a remote experiment can be en-
hanced by optimizing V', O;, wj, T, or the coil geometry
(K,). The flexibility is increased by considering the option
to use alternative detectors. Magnetometers, for example,
offer the possibility to measure the longitudinal magnetiza-
tion, which can have a lifetime of tens of minutes in the
case of a noble gas as sensor medium, even at low field
[11]. Therefore, the time constant to measure one data
point can be adjusted to the required sensitivity by chang-
ing the duration of the acquisition, which could be useful in
experiments that inherently allow for very few encoding
steps only.

2.6. Influence of multiplicative noise

Remote detection is affected by multiplicative noise (or
t, noise) [4,20], caused by fluctuations of the signal-induc-
ing quantity, for example, due to instabilities of the polar-
ization and flow rate of the sensor medium or the
spectrometer and its environment. A larger signal contrib-
utes a proportionately higher noise figure. This is a prob-
lem that is minor in a transiently detected dimension,
where this kind of noise mainly appears as a collective fluc-
tuation of the phase and amplitude of all the peaks in a
spectrum. However, in experiments with point-by-point
detection, the correlation of the noise between adjacent
data points is lost, resulting in a frequency-independent
noise figure (white noise). In addition, the noise across
the entire spectrum will be determined by the most intense
peaks. Thus, less intense peaks are doomed to compete
with the large noise figure from the intense peaks, some-
times rendering the smaller peaks undetectable. This multi-
plicative noise poses an upper limit on the SNR that can be
obtained. If this limit is reached, increasing the signal does
not improve the sensitivity anymore, as the noise increases
accordingly. Because multiplicative noise is proportional to
the signal, it is a bigger problem with Boltzmann polarized
fluids, where the signal relaxes towards a maximum, than
with hyperpolarized fluids, where this signal relaxes to-
wards a very small or even undetectable value.

A simplified analytical treatment of multiplicative noise
can be done by calculating the noise variance o3 by doing
an expansion of the signal about its theoretical value. Let
us consider a simple TOF experiment where the encoding
step consists of a 180° pulse to invert the spin magnetiza-
tion of the fluid. This magnetization is then measured as

a function of the time frop as it arrives at the detector.
We can model the signal in a very general way as

S(tror) = {(tror)So, (19)

where {(tToF) is a function of the sample geometry as well
as the fluid properties and flow rate. Sy is the signal one ob-
tains from unencoded fluid. In experiments with remote
detection, the flow rate is always a potential source of mul-
tiplicative noise. If we assume a sample through which the
flow velocity v is uniform, we can write

2
a§ = (g) o'f, (20)

with the variance o2 of the flow velocity. If we relate this
flow velocity to tror through v = z/frop, with the flow dis-
tance z between encoding and detection, we can use

dv/dtror = —z/p to obtain
dS(ZTOF) t%‘OF dC(ITOF) gy
= |——— 5 = Sytrop|———=| —. 21
s dtror  z 7 oTTor dtror | v 1)

This states that og is proportional to the rate of change of
S(ttor) and increases linearly with ¢roF as long as changes
of v are slow on the time scale of t1oF. (cf,,/v)2 is the vari-
ance normalized to v, which is often a better measure for
fluctuations of v than o,, as o, commonly increases syn-
chronously with v. Experimentally, o5(ttor) can be ob-
tained by repeating the same experiment a large number
of times and then calculating

os(tror) = \/<|S(fT0F) — (S(tror))[)- (22)

The result of such an experiment is shown in Fig. 3. Fig. 3A
shows S(ttor) in an experiment with encoding and detec-
tion both done at high field in the sweet spot of a 7 T mag-
net. Forty detection pulses were applied, spaced by 15 ms,
to record the dispersion curve of a gas as it flows from the
encoding volume, which is a glass cylinder with a volume of
about 10 ml, to the detector, with a volume of about 0.7 ml.
Hyperpolarized '*Xe gas was used as the spin sensor.
Fig. 3B shows os(tTor)/So. One can see the large increase
of the noise at the leading and tailing edge of the TOF
curve. In the center, where dS/d¢rop =0, the noise level
drops almost to the value of the unencoded gas. Further-
more, one can also see that noise increases with larger t1op.
For an optimum sensitivity in an experiment without TOF
detection, this suggests that either the detection volume
should be smaller than the encoding volume and the detec-
tion step carefully timed to the instant when the amount of
encoded fluid in the detection volume is at its maximum, or
that the detection volume should be bigger than the encod-
ed volume so that all the encoded gas can be collected. The
best solution is of course to optimize the flow rate stability.
In this experiment, the tubing on the outlet side of the
detector was vented to air without an additional valve.
Controlling the flow rate with valves at the inlet and the
outlet side of the experiment usually helps to get more
stable flow conditions.
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Fig. 3. Experiment to measure the impact of multiplicative noise with
remote detection. The magnetization of hyperpolarized '*’Xe in a mixture
of Xe/N,/He = 1:10:89 was inverted with a hard 180° pulse and then
measured with a train of 40 detection pulses spaced by 15 ms, using a
second, smaller coil on the outlet side of the encoding volume. One
hundred identical experiments were recorded, and the data was used to
calculate the reproducibility of the signals. (A) Dispersion curve that
shows how the encoded gas arrives at the detector. Maximum signal is
obtained with unencoded gas. The signal drops when encoded gas arrives
in the detector, and then rises again to its steady-state value. (B) Noise
level relative to the signal. The noise is maximum in the slopes of the
dispersion curve. Since the additive noise level was only about 0.5% of the
signal, the minimum noise level is still dominated by multiplicative noise.
But the origin there is more likely due mechanical vibrations and
fluctuations of the static magnetic field.

3. Examples and practical considerations

To illustrate the benefits and limitations of remote detec-
tion, the sensitivity of three experiments with different
objectives is compared with direct detection. The first
experiment uses encoding at a low magnetic field and detec-
tion at high field, the second describes the sensitivity of
NMR and MRI in a microfluidic device, with encoding
done with a coil surrounding the whole device, and the
third considers encoding in an environment with strong
susceptibility gradients. Note that actual values for the sen-
sitivity depend strongly on the specific implementation of
an experiment, therefore these numbers should be under-
stood neither as best nor worst case scenario, but as an
illustration of the potential of remote detection in different
circumstances.

In [1], an MRI experiment was presented with signal
encoding at a B =4mT and detection at By =4.2T.
The sample whose void space was imaged did not show
any significant susceptibility broadening, therefore the sen-

sitivity advantage was primarily due to a higher sensitivity
of the detection coil. The coil used for encoding was by no
means sensitive enough for detection, even using hyperpo-
larized '**Xe. This caused additional problems as shim-
ming of the encoding volume was extremely tedious
without the ability to directly measure a signal, therefore
annihilating the advantage of a smaller linewidth one
would have at lower fields for a given relative field homo-
geneity [21]. In this case, it is reasonable to state that the
relative sensitivity between remote and direct detection is
on the order of A. While the high-field probe had a
0. =~ 100, the low-field circuit had a very low Qg of only
about 5 due to the high resistance of the coil. The reso-
nance frequency is proportional to the magnetic field,
therefore w})/w§ ~ 1000, and the overall sensitivity gain
can be, according to Eq. (18), estimated to about two or-
ders of magnitude if we assume K, ~ Ky, 17, ~ 14, and
V'~ V9. An additional factor not considered in this treat-
ment is that if detection were done at the encoding frequen-
cy of about 50kHz, additional shielding would be
necessary to reduce external noise. This experiment was
done in stopped-flow mode, using a closed loop for the
gas mixture. The stopped-flow approach requires waiting
after closing the valve until the fluid has settled in the
encoding volume. This is, however, not specific to remote
detection, but would also be necessary in an experiment
with direct detection, therefore does not contribute unfa-
vorably to the performance of remote detection. More
importantly, this experiment was plagued considerably by
multiplicative noise. While each data point could be
recorded with an SNR of about 10, as can be seen from
the travel time data shown in [1], the overall sensitivity of
the image was considerably lower because the flow rate
was not stable enough. Additionally in this setup, the dis-
tance between the encoding and the detection volume was
about 5m, while in the experiments with encoding and
detection at high field, this distance was only a few centime-
ters, with a correspondingly shorter #,,. In the following
experiments, multiplicative noise was reduced significantly
by using an open flow circuit for the gas, which was vented
to air through a valve at the outlet side of the detector. This
approach did not require a pump since the necessary pres-
sure to drive the flow was provided from the gas bottle
where the gas mixture was stored. Furthermore, these
experiments were done in continuous flow mode, which
has a lower susceptibility to multiplicative noise than
stopped-flow mode.

Gas flow profiling in a microfluidic device is another
example where remote detection was used [7]. In this case,
the primary challenge was that the size of the microfluidic
device was on the order of centimeters, while the fluid
channels had volumes on the order of one microliter or be-
low. Using a large coil that fits the whole chip would re-
quire a diameter on the order of 20 mm and therefore
have a very low filling factor. With direct detection, the
only option to get a high enough sensitivity would be to
design a coil specifically for a certain device, like a small
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surface coil in the direct vicinity of the flow channels [22].
In [7], the microfluidic device was placed in a microimaging
probe with a sample bore of 30 mm. Its coil had a volume
of about 45 ml, while the fluid volume was less than 1 pl,
therefore the filling factor was only about # =107°. By
using a microsolenoid coil with a matched volume, the sen-
sitivity can be improved by about two orders of magnitude,
which was also found experimentally by taking the ratio of
the 90° times of the detection and the encoding coil at a giv-
en rf power level [23].

The last example discusses a gas flow study through a
porous Bentheimer sandstone that showed significant sus-
ceptibility broadening of the spectrum [5]. The rock was
cylindrically shaped, with a diameter of 20 mm and a
height of 38 mm. Its porosity was 22.5%, with pore sizes
of about 100 um. The signal dephasing time at a field of
7T, again using hyperpolarized '*Xe as the NMR-active
component of the gas, was about 79 = 1 ms. 79 of '**Xe
depended on the pressure and was between 5 s and 10 s in-
side the rock, which is well above the typical time of 1s
that it took the gas to flow through the rock. Using Egs.
(10) and (18), one can estimate the potential of an experi-
ment with remote detection to optimizes the sensitivity.
The detection coil could be made about a factor 4 smaller
than the encoding coil, corresponding to the inverse of the
sample porosity. Assuming identical values for all the other
parameters with an impact on A, this would only amount
to a factor 2 in sensitivity. However, if we consider contin-
uous flow and use the—somewhat optimistic—assumption
of T, = 1,/2 = 500 ms with the repetition time 7, set to the
time it takes to replace all the gas in the rock, analogous to
the discussion of TOF sensitivity, we get T5/T9 ~ 500. This
would amount to about a factor 30 in sensitivity enhance-
ment with remote detection. In this case, it was assumed
that the volume of the detection coil was matched to the
volume of the fluid inside the rock. In these experiments,
the time for the encoding sequence could be reduced to
about 200 ps, which was considerably shorter than 7" g. This
shows that it would be possible with this approach to study
samples with even bigger susceptibility gradients. However,
some of these samples may have a high density of paramag-
netic centers on the surface of the pores, causing a much
shorter T ‘11. This effect may be compensated to a certain de-
gree by using a smaller sample with a shorter 7;, but it
would eventually limit the use of remote detection.

As the experiments presented in [5] were done with the
objective to study flow in a TOF experiment, the volume
of the detection coil was smaller than the volume of the
encoded fluid. Detection was done with a 10 mm diameter
saddle coil. The gas volume inside the detection coil was set
to about 1/15 of the total pore volume. The detection coil,
though, was only about a factor 2.3 smaller than the total
pore volume. This caused some sensitivity loss, but allowed
the use of a thicker-walled tubing through the coil to stabi-
lize the whole setup and minimize ¢, noise. Furthermore,
the inner diameter of the tubing could be varied, therefore
it was not necessary to design the detection coil specifically

for one particular application. The outflow of encoded gas
was recorded with typically n =25 detection steps and
50 ms repetition time between subsequent detection pulses.
Using Eq. (13), the sensitivity of the partial images com-
pared to a full image with single-step detection can be
approximated as ¥/¥, ~ v23v25'~03. And com-
pared to an image with direct detection, each remotely
detected partial image was recorded with a sensitivity gain
of about one order of magnitude.

4. Conclusion

It was shown that remote detection offers a valuable
alternative for sensitivity enhancements of certain NMR
experiments, mainly with samples that cannot be tailored
to fit the restrictive requirements of high-resolution setups.
Porous media imaging experiments have especially large
potential for sensitivity improvements, while spectroscopic
experiments are more limited and typically require a detec-
tor that is at least an order of magnitude more sensitive to
see a noticeable sensitivity improvement. On the downside,
encoding with remote detection is done point-by-point,
therefore if enough sensitivity is available with direct
detection, this approach is usually faster and opens more
flexibility for trading sensitivity for resolution. Also, not
all porous materials and fluids are suitable for remote
detection. If the permeability of a material is too low or
if the longitudinal relaxation time of the fluid is too short,
fast enough flow may not be achievable to allow any
encoded spin magnetization to survive the transfer to the
detector.

TOF experiments, if set up properly, do not suffer a
large sensitivity penalty by splitting the detection into mul-
tiple steps, while gaining an additional transient dimension
that provides information about fluid flow and dispersion
without increasing the total experiment time. If dispersion
is low between encoding and detection such that a tight
correlation between the encoding position and the arrival
time at the detector exists, experiment time may be reduced
by spatially encoding multiple data points at different loca-
tions in the sample [24] and separating them by their time
of arrival at the detector, therefore providing a possibility
to somewhat loosen the strict statement that only one data
point can be encoded at a time.
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